Introduction {#S0001}
============

Type 2 diabetes is a chronic disease that can lead to multiple complications in patients with long-term poorly controlled blood glucose levels.[@CIT0001] Complications include retinopathy, neuropathy, nephropathy and cardiovascular complications.[@CIT0001] The worldwide incidence of diabetes has risen from 108 million in 1980 to 422 million in 2014. In Thailand, the estimated prevalence of diabetes in adults in 2009 was 8.4%, rising to 9.6% in 2016.[@CIT0002],[@CIT0003] People with diabetes have a higher lifetime probability of undergoing surgery than those without diabetes.[@CIT0004] The frequent types of surgeries performed in diabetic patients include general surgery, colorectal surgery, vascular surgery and oncologic surgery.[@CIT0005]

Suboptimal blood glucose control has been reported to be related to multiple adverse perioperative outcomes such as postoperative mortality, cardiovascular complications, stroke, infection, poor wound healing and prolonged length of hospital stay.[@CIT0006]--[@CIT0008] Hyperglycemia is commonly documented in surgical patients. It has been reported that 20% to 40% of general surgery patients[@CIT0009] and 80% of heart surgery patients have hyperglycemia.[@CIT0010] Hypoglycemia has been reported to be a contributing factor for poor perioperative outcomes including arrhythmia, delirium, increased mortality rate and prolonged length of hospital stay.[@CIT0011] The risk of serious adverse perioperative outcomes in diabetic patients is increased if the blood glucose is not at the appropriate level, so maintaining blood glucose concentration at the optimal value can improve perioperative outcomes. A pilot study compared perioperative outcomes in diabetes patients who underwent cardiac surgery using the proposed glycemic control protocol combined with educational sessions on the standard care protocol.[@CIT0012] Compared to the standard care protocol, the proposed protocol better optimized blood glucose level postoperatively, but no significant difference in length of hospital stay or risk of infection was observed.[@CIT0012] Another study that compared the use of an intensive insulin management protocol and the standard protocol in cardiac surgery patients found lower blood glucose levels and lower risk of atrial fibrillation and postoperative infection with the intensive insulin management protocol.[@CIT0013] Data on the use of an optimized perioperative glucose control protocol and outcomes in general surgery, however, are still lacking.

Presently there are some inconsistencies in perioperative management such as differences in recommendations for discontinuing diabetes medications during the preoperative period, insulin adjustment strategies, target blood glucose ranges and postoperative blood glucose management. In our institution, the conventional perioperative glycemic control protocol (CG) has been routinely employed. However, this protocol has not been validated in general practice, includes a wide range of glycemic targets and provides no details regarding diabetes medications and insulin adjustment during the pre- and postoperative periods. In this study, a newly developed standardized glycemic control protocol (SG) which was designed and created by multiple committees and was intended to eliminate pitfalls of the current glycemic control protocol was evaluated. The present study compared the SG protocol and the CG protocol in terms of efficacy of postoperative glycemic control, incidence of hypoglycemia and clinical outcomes in diabetes patients who underwent a variety of elective surgeries.

Patients and Methods {#S0002}
====================

This ambispective study was conducted between April and November 2019 in a tertiary medical care center in northern Thailand. The study protocol was approved by the Faculty of Medicine, Chiang Mai University, Ethical Committee (Ethical number: MED-2562-06286). All procedures were conducted in accordance with the ethical standards of the responsible committees on human experimentation (institutional and national) and with the Declaration of Helsinki 1975 as revised in 2008. The study involved comparing a prospective group with a historical control group. The control group of 182 patients was identified from a retrospective review of electronic medical records of diabetes patients who had undergone elective surgery with the CG protocol between April and August 2019. This control group was exempted from the informed consent requirements as this is a retrospective arm and all recorded data were kept confidential. Eligibility requirements for both groups included age ≥18 years, having type 2 diabetes and hospital admission for elective surgical procedures. The exclusion criteria were patients with type 1 diabetes, estimated glomerular filtration rate (eGFR) by CKD-EPI of \<45 mL/min/1.73m2, emergency surgery and pregnancy. The prospective group included 198 diabetes patients who had elective surgery with the new SG protocol from September to November 2019. Individuals who meet all the inclusion criteria gave their informed consent. Baseline characteristics, including age, sex, body mass index (BMI), underlying diseases, diabetes complications, anti-diabetes agents used prior to surgery and type of surgery, were collected. Biochemical data prior to surgery, including HbA1c, fasting blood glucose, creatinine and LDL levels, were also acquired. Information regarding glycemic control, hypoglycemic events, insulin requirement, length of hospital stay, intensive care unit (ICU) admission and postoperative complications within seven days following surgery were collected. Data was also obtained on postoperative complications including organ infection, cardiovascular disease, stroke, acute kidney injury and health status at discharge. Types of surgery were classified as minor, moderate or major following the 2014 ESC/ESA guidelines on non-cardiac surgery.[@CIT0014]

The SG protocol was developed through discussions among endocrinologist consultants and nurses from our hospital. The newly developed protocol is based on current guidelines for perioperative hyperglycemia management.[@CIT0015],[@CIT0016] The SG protocol consists of perioperative order sets for intravenous (IV) or subcutaneous (SC) insulin management and instructions for diabetes medication adjustment during the pre- and postoperative period ([[Supplementary Appendix](https://www.dovepress.com/get_supplementary_file.php?f=262444.docx)]{.ul}). Introductory instruction was provided to the physicians, nurses, and anesthesiologists responsible for the patients' care prior to the use of the SG protocol. The SG preoperative instructions were also provided to all SG patients.

Following the SG protocol, anti-diabetic agents, including metformin, sodium-glucose cotransporter 2 inhibitor (SGLT-2i) and glucagon-like peptide-1 receptor agonist (GLP-RA), were reviewed and medications were discontinued at least 24 hours before surgery; other medications were continued until the night before the surgery. For patients who used insulin, the dose of basal or premixed insulin was reduced to 80% of the usual dose; if a patient had a poor oral intake, was on bowel preparation, or on a liquid diet to prevent hypoglycemic events, insulin was reduced to 50% of the usual dose. Patients undergoing minor to moderate surgery with a short (\<4 hours) operative time and who had HbA1c \<8% and fasting blood glucose \<250 mg/dL were candidates for SC insulin administration algorithms. Following the SC insulin algorithms, serial capillary blood glucose (CBG) was measured every 4 hours, with regular insulin administered subcutaneously if CBG was \>180 mg/dL. During the postoperative period, patients who were unable to eat received regular insulin every 6 hours subcutaneously if CBG was \>180 mg/dL (critical care ward) or \>140 mg/dL (general ward). For patients who could eat but who had a reduced appetite, subcutaneous regular insulin was administered before meals. If a patient regained the ability to eat, antidiabetic medications were resumed. The IV insulin algorithms were introduced in patients undergoing procedures where hemodynamic changes were anticipated or where a major operation or surgeries with a longer operative time was planned. CBG was measured every 2 hours and intravenous insulin was administered if CBG was \>180 mg/dL. A bolus followed by continuous infusion of regular insulin was administered and adjusted every 2 hours according to changes in CBG; the target CBG range was 140--180 mg/dL. During the postoperative period, patients who were unable to eat required continued intravenous insulin; for patients with a decreased appetite, switching to subcutaneous regular insulin was advised. On subsequent days, if the patient was able to eat, antidiabetic medications were resumed prior to discharge. The study flow for the prospective cohort with the SG protocol is shown in [Figure 1](#F0001){ref-type="fig"}. The CG protocol includes an algorithm only for intravenous insulin adjustment which is based on CBG and which has a wider target glycemic range (100--180 mg/dL) than the SG protocol. Moreover, the CG protocol provides no details regarding which oral medications need to be discontinued before surgery; the duration of discontinuation of those medications is also not clearly specified. Additionally, insulin dose reduction strategy prior to surgery is not mentioned in this CG protocol. In the CG protocol, oral glycemic agents and insulin dose adjustments are managed using an individualized approach by endocrinologists with no standard practice specified. Management during the postoperative period, including insulin dosage adjustment in patients with poor oral intake, hyperglycemic correction by subcutaneous regular insulin dose based on patients' insulin resistance status and contraindications for restarting oral medications were not clearly specified in the previous CG protocol ([[Supplementary Appendix](https://www.dovepress.com/get_supplementary_file.php?f=262444.docx)]{.ul}).Figure 1Study flow in standardized protocol group.**Abbreviations:** CBG, capillary blood glucose; FBS, fasting blood glucose; NPO, nothing per oral.

The primary outcomes were the differences in the postoperative mean blood glucose levels in the first 24 hours after the operation and the number of hypoglycemic events (serum blood glucose and/or CBG \<70 mg/dL) between CG and SG protocols. Secondary outcome included the occurrence of postoperative complications within the first seven days of the postoperative period.

Statistical Analysis {#S0002-S2001}
--------------------

Statistical analysis was performed using STATA version 16.0. Continuous variables are presented as mean ±SD. Categorical variables are presented as counts and percentages. For continuous variables, univariable analysis was conducted with the independent *t*-test. For categorical variables, univariable analysis was conducted using the Fisher exact test. To control for covariate imbalance, propensity scores for sex, age, BMI, HbA1C, preoperative blood glucose level, duration and complications of diabetes and current insulin therapy were calculated. To compare outcomes between the two protocols, the propensity score covariate model was used by including the propensity score as one of the adjusted variables in the regression analysis model. The regression analysis was clustered by type of surgery (minor, moderate and major surgeries). For continuous outcomes, linear regression analysis with reported coefficient values was performed; for categorical outcomes, logistic regression analysis with reported odds ratio was used. The statistical significance level was defined as two-tailed with a p-value of \<0.05. A sample size of at least 360 patients with at least 180 patients per arm was estimated to give 80% power at the 5% significance level (two-sided) to detect a difference of at least 10 mg/dL in pre- and postoperative blood glucose levels.[@CIT0017]

Results {#S0003}
=======

Baseline characteristics of the patients are shown in [Table 1](#T0001){ref-type="table"}. Of the 380 patients, 198 were in the SG group and 182 were in the CG group. The mean age was 62.5 ±11.4 years, the mean duration of diabetes was 7 ±4.7 years and the mean HbA1C was 6.9 ±0.8%. Screening found most of the patients (82.4%) were being treated with metformin while 12% were being treated with insulin. Apart from diabetes retinopathy, which was more common in the SG group, demographic data showed no significant differences between the two groups. All patients in the CG group had received intravenous insulin infusions perioperatively, while in SG group only 89.3% of the patients had received perioperative insulin infusions (*p*= 0.001).Table 1Baseline CharacteristicsCharacteristicsStandardized Protocol (SG)\
N=198Control Protocol (CG)\
N= 182p-valueAge, (mean±SD) (years)62 ± 11.663 ± 11.30.223Men, n (%)78 (39.4)78 (42.9)0.494BMI, (mean±SD) (kg/m^2^)24.2 ± 4.724.0 ± 5.50.479HbA1c, (mean±SD) (%)6.9 ± 1.57.0 ± 1.50.744Fasting blood glucose, (mean±SD) (mg/dL)123 ± 39.5126 ± 38.20.775LDL, (mean±SD) (mg/dL)104 ± 48.398 ± 36.90.913eGFR,(mean±SD) mL/min/1.73m283 ± 19.981 ± 22.40.131Current smoking, n (%)8 (4.1)8 (4.4)0.871Underlying disease, n (%) Hypertension157 (79.3)137 (75.7)0.402 Dyslipidemia129 (65.2)134 (74.0)0.061Diabetes duration, (mean±SD) (years)6.5 ± 4.47.5 ± 0.00.343Diabetic medication, n (%) Metformin164 (83.2)150 (82.4)0.831 Sulfonylurea84 (42.6)73 (40.1)0.618 Pioglitazone14 (7.1)23 (12.6)0.068 DPP-4 inhibitor19 (9.6)22 (12.1)0.435 SGLT-2 inhibitor8 (4.0)11 (6)0.372 Insulin26 (13.1)22 (12.1)0.761 Diet control3 (1.5)5 (2.7)0.405Diabetic complication, n (%) Diabetic nephropathy43 (22.8)44 (24.9)0.637 Diabetic retinopathy27 (14.3)9 (5.1)0.003 Coronary artery disease27 (13.6)16 (8.8)0.142 Stroke9 (4.5)7 (3.9)0.744Ward of admission, n (%)0.349 Surgery82 (41.4)90 (49.5)0.206  General57 (69.5)60 (66.7)  Neurological5 (6.1)15 (16.7)  Cardiovascular and thoracic20 (24.4)15 (16.7) Ear-nose-throat20 (10.1)16 (8.8) Eye25 (12.6)18 (9.9) Orthopedic53 (26.8)49 (26.9) Obstetrics and gynecology18 (9.1)9 (4.9)Type of surgery, n(%)0.670 Minor35 (17.7)33 (18.1) Moderate131 (66.2)114 (62.6) Major32 (16.2)35 (19.2)Perioperative protocol, n (%)0.001 IV insulin177 (89.3)182 (100) Subcutaneous insulin21 (10.7)0 (0)Insulin requirement, n(%)55 (27.9)63 (36.8)0.068Preoperative mean CBG within 24 hours, (mean±SD) (mg/dL)124 ± 20.5121 ± 20.50.435Postoperative mean CBG within 24 hours, (mean±SD) (mg/dL)147 ± 24.0154 ± 17.50.047Perioperative CBG within range 140--180 mg/dL, n (%)96 (52.7)84 (42.6)0.049ICU admission, n (%)24 (12.2)33 (18.8)0.082Complications, n (%) Hypoglycemia6 (3.0)4 (2.2)0.614 Infection7 (3.5)8 (4.4)0.668 Acute kidney injury5 (2.5)9 (4.9)0.212 CVD2 (1.0)0 (0.0)0.175 Stroke0 (0.0)0 (0.0)--Dead, n (%)1 (0.5)1 (0.5)0.936[^1]

Preoperative blood glucose levels were similar in both groups. Preoperative mean blood glucose in the SG group was 124 ±20.5 mg/dL versus 121 ±20.5 mg/dL in the CG group (*p*=0.43). The SG group was associated with lower postoperative 24-hr blood glucose levels than the CG group (β = −8.6 mg/dL; 95% CI (−16.5 to −7.9), *p*=0.042) ([Figure 2A](#F0002){ref-type="fig"}). In SG group, there was a statistically higher number of patients with perioperative blood glucose in the range of 140--180 mg/dL compared to the CG group (OR 1.85; 95% CI (1.11--3.12), *p*=0.05). There was no significant difference in the incidence of postoperative hypoglycemic events between the SG and CG groups (OR 1.29; 95% CI (0.98--1.70), *p*=0.065).Figure 2(**A**) Pre- and post-operative mean blood glucose difference between SG and CG. (**B**) postoperative acute kidney injury events within 7 postoperative days comparing between SG and CG. (**C**) incidence of ICU admission within 7 postoperative days comparing between SG and CG.

In terms of postoperative complications within 7 days, the incidence of ICU admission and acute kidney injury in the SG group was lower than in the CG group (OR 0.36; 95% CI (0.18--0.74), *p*=0.005) and (OR=0.59; 95% CI (0.41--0.85), *p*=0.005), respectively ([Figure 2B](#F0002){ref-type="fig"} and [C](#F0002){ref-type="fig"}). There were no significant differences in other postoperative complications including organ infection, cardiovascular complications, stroke and death between the CG and the SG groups ([Table 2](#T0002){ref-type="table"}).Table 2Multivariable Logistic Regression Analysis of Outcomes Clustered by Type of Surgery and Adjusted by Propensity ScoreComplication After SurgeryORs (95% CI)p-valuePerioperative blood glucose within range of 140--180 mg/dL1.85 (1.11--3.12)0.020ICU admission0.36 (0.18--0.74)0.005Hypoglycemia1.29 (0.98--1.7)0.065Infection0.56 (0.15--2.04)0.381Acute kidney injury0.59 (0.41--0.85)0.005Dead1.68 (0.17--16.01)0.651CVD1.08 (−1.96--4.13)\*0.486\*StrokeN/AN/A[^2][^3]

Discussion {#S0004}
==========

The present study demonstrates that the proposed SG protocol for diabetes patients undergoing elective surgery showed non-inferiority in safety and greater efficiency in blood glucose control as well as resulting in better clinical outcomes than the CG protocol. Moreover, the subcutaneous regimen in the SG protocol for patients undergoing minor to moderate surgery with a short operative time and who have good blood glucose control offers benefits in terms of convenience and affordability as the use of an infusion pump and frequent CBG monitoring are not required. In the SG group, improvement in postoperative mean blood glucose during the first 24 hours following surgery was observed. A higher percentage of patients in the SG group had a blood glucose level within the desired range of 140--180 mg/dL. Additionally, there was no significant difference in the frequency of hypoglycemic events between the SG and CG groups, demonstrating the safety of the new protocol. The new management protocol was also associated with improvement in clinical outcomes postoperatively, including the incidence of ICU admission and acute kidney injury.

The presumptive explanation for the superior postoperative blood glucose control in the SG group is the comprehensive monitoring of blood glucose during the perioperative period, the frequent adjustments of insulin dose, the tight range of glycemic control and the comprehensive insulin transition strategy during the postoperative period. The observed results are in agreement with the findings of DiNardo et al which reported that the use of a standardized glycemic control protocol in patients with same-day surgery can result in lower postoperative blood glucose values with no increase in the risk of hypoglycemia.[@CIT0017] The present study found lower levels of blood glucose reduction than those reported by DiNardo et al (8.6 mg/dL versus 22.0 mg/dL). A factor that may have contributed to the different results is that the prior study reported a higher mean baseline blood glucose preoperatively (262--301 mg/dL) compared to the present study (around 120 mg/dL). That is, the magnitude of blood glucose reduction in the prior study may have been greater because of the initially higher baseline blood glucose. The desired range of blood glucose in the present study was 140--180 mg/dL. A higher percentage of patients managed with the SG protocol achieved this goal compared to the CG group. These results demonstrate the effectiveness of the new SG protocol, ie, that it helps reduce postoperative blood glucose levels at a suitable proportion, gradually bringing blood glucose within the ideal range.

There was no significant difference in the percentage of hypoglycemic events between the CG and SG protocols. This was an unexpected result as we had presumed that the more frequent blood glucose monitoring during the postoperative period and the fine insulin adjustment algorithm in the SG group would have provided superior glycemic control and a lower incidence of hypoglycemic events. As insulin treatment is a common risk factor for hypoglycemia in hospitalized patients,[@CIT0018] a plausible explanation for this finding is that the total dosage of insulin administered in the two groups was not statistically significantly different (*p*=0.06). The small number of insulin users in the study could also be a factor in this unexpected result.

The data regarding whether intensive blood glucose control during the perioperative period can reduce acute kidney injury events or not are still controversial.[@CIT0019] One prospective study reported that intensive blood glucose control to levels of less than 110 mg/dL during the perioperative period in cardiac surgery patients reduced the incidence of acute kidney injury by 41%.[@CIT0020] Another retrospective study of cardiac surgery patients stated that keeping blood glucose between 80 and 110 mg/dL was associated with a reduction in acute kidney injuries.[@CIT0021] However, a recent randomized clinical trial in critically ill surgical and non-surgical patients found that a blood glucose target of 180 mg/dL resulted in lower mortality than a target of 81--108 mg/dL, but that no difference in the incidence of acute kidney injury was observed.[@CIT0022] In the present study, the rate of acute kidney injury was 41% lower in the SG group despite the fact that the mean postoperative blood glucose in that group was higher than 110 mg/dL. That indicates reaching a lower target of blood glucose may not be the only explanation for the lower risk of acute kidney injury. The present study also found that the rate of ICU admissions moves in the same direction as the rate of acute kidney injuries. Specifically, in the CG group, the rate of ICU admissions was significantly associated with a higher risk of acute kidney injury (P\<0.001, data not shown). Thus, it could be that the lower risk of acute kidney injury in the SG group could be a result of the lower rate of ICU admissions in that group.

To our knowledge, there have been no studies demonstrating a cause and effect relationship between the blood glucose control protocol during the perioperative period and ICU admissions. The imbalance in baseline characteristics in the present study, such as younger age, shorter duration of diabetes and fewer major surgeries performed in SG group, does not account for the lower rate of ICU admissions in SG group as the propensity score was included as one of the adjusted confounders in the multivariate model which was included to correct for any covariate imbalance. Further study of this issue is warranted. The NICE-SUGAR study showed that keeping blood glucose at less than 180 mg/dL but above 108 mg/dL can reduce mortality rates in critically ill surgical patients.[@CIT0022] The range of blood glucose levels in our study was comparable to that in the conventional arm of the NICE-SUGAR study which involved non-intensive blood glucose control. The present study found no difference in mortality rate between the SG and the CG protocols. The mortality rate in the present study was only 0.5% for both arms compared to approximately 20% in the NICE-SUGAR study.[@CIT0022] Differences in the studied populations might account for the dissimilar mortality rates.

A prior study reported that patients with blood glucose levels above 200 mg/dL perioperatively have an increased rate of infection.[@CIT0023] In the present study, there was no difference in the infection rate between the CG and SG groups because the postoperative mean blood glucose levels in both groups were below 200 mg/dL. The numbers of cardiovascular complication events and strokes in the present study were too low to detect differences in outcomes between the groups; we had not included those events in the sample size calculation. Further study with a larger sample should be performed to address this issue.

In March 2020, the US FDA announced that SGLT-2i should be discontinued at least 3 days prior to scheduled surgery to reduce the risk of ketoacidosis.[@CIT0024] This announcement was published after the SG protocol in this study had been developed and after the results of the study had been analyzed. The SG protocol used in this study did, however, advise that SGLT-2i should be discontinued at least 24 hours before surgery. As less than 10% of the patients in the present study were on this agent, this could be expected to have had only a small effect on outcomes. No incidents of ketoacidosis were observed during the present study; however, we recommend that the SG protocol should be updated to incorporate the new US FDA recommendations and suggest that additional analysis of future outcomes is warranted.

The present study had multiple strengths. The new SG protocol was developed by a group of experienced endocrinologists through a process of brainstorming meetings. Also, the protocol is "tailor-made", ie, the new SG protocol provides for different types of surgeries, different diabetic agents, and different baseline blood glucose levels so each patient receives an individualized diabetes care. The large sample size in the present study provided an adequate power of analysis and the population recruited for the study included a mixture of patients with various types of surgeries, a wide range of baseline blood glucose levels and differences in the severity of their diabetes complications which aids in the application of the results to the general type 2 diabetes population. The unanticipated finding regarding the reduction in ICU admission rate, however, may warrant further study.

We acknowledge some limitations in this study. First, this was an ambispective study. The CG group was a retrospective case collection study; as a result, some data were found to be missing, although the amount of missing data was less than 5% which should not have affected the statistical power and outcomes. Second, this was not a randomized controlled trial study. To compensate, the propensity score of the covariate that could affect study outcomes was included as one of the adjusted confounders in multivariate analysis. Additionally, cluster analysis was conducted to minimize the effect of variation in type of surgery, reducing the imbalance of the covariate and increasing the reliability of the results. As this study included substantial modifications from the then-current CG protocol and also involved multiple concomitant intervention improvements, it is challenging to disambiguate the effect of each of those changes on the observed outcomes. Some of the minor surgeries allowed patients to eat on the day of the operation; thus, a complete record of blood glucose 24 hours postoperatively could not be achieved, introducing a level of inaccuracy in the data. Also, point-of-care capillary blood glucose rather than serum blood glucose values were obtained. That increased the convenience and reduced the cost of the study, although limitations of using this system have been described previously.[@CIT0025]

Conclusion {#S0005}
==========

In diabetes patients, the use of the SG protocol is feasible in the practical setting of elective surgery. This new protocol is safe and is effective in reducing mean blood glucose, ICU admission and the risk of acute kidney injury postoperatively. A large-scale, randomized control study is warranted to assess the impact of the SG protocol on the risk of infection, cardiovascular complications, stroke and mortality rates in diabetes patients following elective surgery.
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[^1]: **Abbreviations:** BMI, body mass index; CBG, capillary blood glucose; CVD, cardiovascular disease; DPP-4 inhibitor, dipeptidyl peptidase-4 inhibitor; eGFR, estimated glomerular filtration rate; HbA1c, glycated hemoglobin; ICU, intensive care unit; IV, intravenous; LDL, low-density lipoprotein; SGLT-2 inhibitor, sodium-glucose cotransporter 2 inhibitor.

[^2]: **Note:** \*Coefficient of value was used instead of odds ratio due to zero incidence in one of the cells.

[^3]: **Abbreviations:** CVD, cardiovascular disease; ICU, intensive care unit; N/A, odds ratio cannot be calculated due to zero incidence in all of the cells; ORs, odds ratio.
